In Brief
Retrograde viruses are indispensable tools for linking neural connectivity with function; however, their use is often limited by poor or variable infectivity. Li et al. report a viral receptor complementation strategy for more efficient and tropism-free projectionspecific neuronal targeting.
INTRODUCTION
Deciphering how neural circuits are anatomically organized is fundamental to understanding how the brain processes information. However, linking identified neural types with known connectivity to their functional properties has been a major challenge largely due to the paucity of techniques available for selectively targeting specific neuronal subtypes. While classic neuroanatomical tracers have yielded information about the architectural principles of connectivity between different brain regions, they cannot deliver genetic materials that would enable their use beyond anatomical mapping (Katz et al., 1984; Luppi et al., 1990; Schmued and Fallon, 1986; Wan et al., 1982) .
Neurotropic viruses have emerged as powerful tools to overcome the limitations of classic tracers. Recombinant viral vectors can carry the flexible and relatively large transgene cargos used for neurophysiological experiments, including effectors or indicators of neural activity, DNA recombinases, and fluorescent proteins (Nassi et al., 2015; Ugolini, 2010) . A particularly valuable approach is labeling neurons based on their long-range axonal projections via retrograde viruses, such as rabies virus (Callaway and Luo, 2015; Ugolini, 1995; Wall et al., 2010; Wickersham et al., 2007) , retrograde adeno-associated virus (rAAV2-retro) (Tervo et al., 2016) , herpes simplex virus 1 (HSV) (Frampton et al., 2005; Ugolini et al., 1987; Lilley et al., 2001) , the herpes virus known as pseudorabies virus (PRV) (Aston-Jones and Card, 2000; Boldogkoi et al., 2009; Oyibo et al., 2014) , and canine adenovirus type 2 (CAV-2) (Boender et al., 2014; Carter et al., 2013; Junyent and Kremer, 2015; Soudais et al., 2001 ). Retrograde viruses hijack normal cellular machinery to enter axon terminals and travel back to the soma. Virus injected in one area can travel through axons to label cell bodies from many brain regions. An unfortunate drawback of viral techniques is that they require neurons to express specific molecules for viral uptake and transport. Since the expression of the requisite receptors varies by cell type and can be developmentally regulated, viral infection and transport can be biased to specific neuronal types (Grove and Marsh, 2011; Mateo et al., 2015; Schneider-Schaulies, 2000) . With this variable viral uptake, or ''tropism,'' it is difficult to achieve reliable labeling, recording, or manipulation in every cell type or to interpret negative results in anatomical studies. Indeed, absence of evidence is not evidence of absence: due to viral tropism, unobserved pathways may simply be unlabeled. Until now, this has been a serious caveat for viral tracing techniques that seek to reveal anatomical ground truth.
To address this challenge, we developed a receptor complementation strategy to mitigate the tropism of a commonly used retrograde virus, CAV-2. CAV-2 has many advantages, including relatively low immunogenicity (Perreau and Kremer, 2005) , longterm duration of transgene expression in mammalian brain (Soudais et al., 2004) , preferential transduction of neurons (Soudais et al., 2001; Zussy et al., 2016) , efficient retrograde transport from axon terminal to soma (Salinas et al., 2009; Soudais et al., 2001) , and large cloning capacity (Soudais et al., 2004) . CAV-2 has been used in numerous studies to label long-range projections (Ekstrand et al., 2014; Junyent and Kremer, 2015) . CAV-2 is commonly used as part of a dual viral system in which CAV-2 expressing Cre recombinase is injected into putative target areas and an AAV expressing Cre-dependent cargo (e.g., channelrhodopsin 2 [ChR2]) is injected into candidate source regions. In this configuration CAV-2 retrogradely travels from distal axon terminals to the soma and expresses Cre recombinase in the nucleus, turning on the expression of ChR2 only in those neurons projecting from source to target. This dual viral system has been used in many studies to selectively target a defined pathway in behaving animals (Beyeler et al., 2016; Carter et al., 2013; Darvas and Palmiter, 2009; Hnasko et al., 2006; Kim et al., 2015; Ruder et al., 2016; Senn et al., 2014; Wu et al., 2012) . Henaff and Salinas, 2010) . (B) Schematic description of the relationship between receptor expression and retrograde gene transfer efficiency under normal neuron-type specific viral tropism or receptor complementation. (C) AAV constructs carry mCAR or hCAR and inverted cargo genes (ChR2-HA or ChR2-mRuby2) that are switched by the presence of Cre. ITR, inverted terminal repeat; hSyn, human synapsin 1 promoter; WPRE, woodchuck hepatitis B virus post-transcriptional element; pA, polyadenylation elements; W3SL, a shortened version of WPRE and polyadenylation elements. Open and filled triangles, incompatible lox sites (loxP and lox2722).
Although CAV-2 is a powerful tool for studying neural circuits, its use is also limited by tropism. For instance, Senn and colleagues showed that in the basolateral amygdala (BLA) to medial prefrontal cortex (mPFC) pathway, CAV-2 only infected a subpopulation of mPFC-projecting BLA neurons, while another retrograde virus (HSV) infected a more lateral population of BLA neurons (Senn et al., 2014) .
To overcome CAV-2 tropism, we took advantage of well-understood molecular mechanisms for its internalization and axonal transport. Coxsackievirus and adenovirus receptor (CAR) is a conserved cell surface adhesion molecule and functions as the receptor for CAV-2 (Bergelson et al., 1997 (Bergelson et al., , 1998 Soudais et al., 2000 Soudais et al., , 2001 . The extracellular domain of CAR mediates the binding and docking of CAV-2 to the neuronal membrane, while the intracellular tail of CAR is required for the internalization, endocytosism, and axonal transport of CAV-2 (Salinas et al., 2009 (Salinas et al., , 2014 (Figure 1A) . Notably, in the adult brain, CAR is predominantly enriched at the presynaptic boutons (Zussy et al., 2016) . We designed AAV constructs to express CAR and thereby potentiate CAV-2 infection in candidate projection neurons. To show the utility of this approach, we demonstrated the enhancement of the CAV-2 retrograde labeling rate in multiple longrange-projecting neural circuits in both mice and rats, providing a robust method for high-efficiency, tropism-free retrograde labeling. In addition, we generated a toolkit of CAR-expressing vectors to carry different cargos useful for anatomical and functional studies of neural circuit. We used the CAR/CAV-2 dual viral system to deliver GCaMP6f in specific pathways and showed calcium responses in behaving mice in CAR-potentiated neurons, demonstrating the compatibility of the CAR/CAV-2 dual viral system with other cargos for in vivo functional studies.
RESULTS

CAR Complementation Strategy
We hypothesized that if the infection rate of CAV-2 is limited by neuronal CAR expression that enables internalization and axonal transport, we could then attenuate this tropism by overexpressing CAR in candidate projection neurons. The potentiation of projection neurons with CAR is expected to facilitate the attachment and internalization of CAV-2 as well as the retrograde axonal transport of CAV-2 ( Figures 1A and 1B) .
We developed a CAR complementation strategy as part of a Cre-dependent dual viral system to enable the conditional expression of various cargos in the CAR-expressing vector by a special Cre-Switch design ( Figure 1C ). In one configuration, coding sequences for CAR and ChR2 are positioned back to back in forward and inverted orientations, respectively, flanked by double-floxed inverse open reading frames (DIOs) in a recombinant AAV vector (Atasoy et al., 2008; Gunaydin et al., 2010; Schn€ utgen et al., 2003) . In this configuration, Myc-labeled mouse CAR (mCAR) is expressed by default in a Cre-OFF manner, while the hemagglutinin (HA)-tagged ChR2 variant ChETA is packaged in a Cre-ON manner (Bergelson et al., 1998; Gunaydin et al., 2010) . After infection with this AAV-DIO{mCAR} off {ChR2} on virus at the source region, candidate projection neurons express mCAR throughout soma and fibers and are thereby potentiated for CAV-2 infection. Following CAV-Cre injection at the putative target region, CAR expression promotes the uptake of CAV-2 into the fiber terminals and the retrograde axonal transport of CAV-2 back to the distally located soma and results in Cre recombinase expression at the source region. In turn, the Cre recombinase inverts the DIO cassette, halting expression of mCAR and instead inducing expression of the ChR2 cargo ( Figures 1B and 1C) . This approach has two important advantages: first, it allows for more robust and reliable expression of the inverted transgenes compared to strategies for expressing both proteins in series (e.g., IRES or 2A), and second, it circumvents concerns that sustained CAR expression might interfere with neuronal function.
We generated a toolkit of vectors containing CAR and different cargos that are useful for anatomical and functional studies of neural circuits, including fluorescent proteins (e.g., mRuby2 and EYFP), effectors of neural activity (e.g., light-gated ion channel ChETA and ligand-gated ion channel hM4Di), indicators of neural activity (e.g., calcium indicator GCamp6f), and methods for cell ablation (e.g., diphtheria toxin receptor [DTR]) (Chen et al., 2013; Gunaydin et al., 2010; Saito et al., 2001) (Table 1) . Because the AAV genome has a limited packaging capacity of $4.7 kb, there are strong constraints on the architecture of this vector. In order to integrate multiple cargos simultaneously into the same vector, we chose a short human synapsin I (hSyn; $0.5 kb) promoter, which confers neuron-specific long-term transgene expression (K€ ugler et al., 2003) . This backbone is referred to as hSyn-DIO-WPRE. We replaced the WPRE and hGH polyadenylation elements with a shorter regulatory cassette (W3SL) built from a shortened WPRE, an upstream element, and SV40 late polyadenylation signal (Choi et al., 2014) . This W3SL cassette allows 0.7 kb additional cloning capacity and shows comparable expression efficiency with conventional WPRE and polyadenylation cassettes. This backbone is referred as hSyn-DIO-W3SL. Besides the mouse CAR, we also tested the human homolog hCAR (Bergelson et al., 1997) , which has about 83% sequence identity to mCAR, to serve as a foreign variant that may have less potential for endogenous function ( Figure 1C ; Table 1 ).
Receptor Complementation Strategy Improves
Retrograde Spread of CAV-2 in Mice To assess whether CAR complementation promotes the infection and labeling efficiency of CAV-2, we first tested our AAV vectors in the BLA-to-mPFC pathway (BLA/mPFC), where CAV-2 is known to have limited infectivity (Senn et al., 2014) . We injected the AAV-DIO-{mCAR} off {ChR2} on virus in BLA in one hemisphere and a control vector AAV-DIO-{ChR2} on without CAR in the contralateral BLA. After 6-8 days of mCAR expression, a mixture of CAV-dsRed, CAV-Cre, and a conventional retrograde tracer cholera toxin subunit B (CTB) (Luppi et al., 1990; Wan et al., 1982) was injected bilaterally in mPFC (Figure 2A ; Figure S1 ). After an additional 8-10 days post infection, we quantified the number of dsRed-, ChR2-, and CTB-positive cells in BLA for both CAR+ and control hemispheres within each brain slice. In this experiment, the number of dsRed-expressing cells in BLA reflects the overall infection rate and retrograde labeling efficiency of CAV-dsRed, whereas the number of ChR2-expressing neurons in BLA reflects the level of Credependent recombination arising from CAV-Cre. Both measures were normalized to the number of cells labeled with CTB to minimize the potential bias and variance induced by injection location or volume. As a control, we observed that the location and spread of CAV-2/CTB injections from each animal showed no apparent bias between CAR+ and control hemispheres ( Figure S1 ). As we expected, in the control hemisphere, expression of both CAV-dsRed and CAV-Cre-induced ChR2 were very low in BLA neurons, which reflects the tropism of CAV-2 in this pathway (Senn et al., 2014) . In contrast, in the CAR+ hemisphere, expression of both CAV-dsRed (4-to 12-fold higher) and CAV-Cre (3-to 7-fold higher) were significantly increased. The control retrograde tracer CTB was approximately equal in labeling efficiency across hemispheres (Figures 2B, 2C, 3F, and 3G) .
To confirm that the increase in ChR2 expression following CAR complementation arose from Cre-dependent expression rather than leakiness, we investigated the expression patterns of CAR, Cre, and ChR2 in BLA with or without the injection of CAV-Cre in mPFC. In animals without CAV-Cre injection, there was significant expression of mCAR but no leaky expression of ChR2, validating the Cre dependency of our expression system. In animals injected with CAV-Cre, ChR2-positive cells were frequently co-localized with CRE protein, and in those cells, the expression of mCAR dropped or completely shut down, consistent with our Cre-Switch design (Figures S2A and S2B) .
We also showed that an alternate vector carrying human CAR along with a larger cargo capacity (i.e., AAV-DIO-{hCAR} off {ChR2-mRuby2} on -W3SL) enables higher CAV-2 infection. For these experiments, a mixture of CAV-CreGFP and CTB was injected bilaterally into mPFC, with infectivity quantified as the number of GFP-or mRuby2-positive cells normalized by the number of CTB-positive cells ( Figure 2D ; Figure S1 ). As shown in Figures 2E and 2F , the hCAR+ hemisphere exhibited a higher rate of CAV-CreGFP infectivity (3-to 9-fold greater) and Credependent mRuby2 expression (3-to 7-fold greater) compared to the contralateral hemisphere injected with empty control vector AAV-DIO-{ChR2-mRuby2} on . The similar results using mouse and human CAR variants suggest that the function of CAR as a CAV-2 receptor is conserved across mammalian species. As expected, no leaky expression of mRuby2 was observed in CAV-CreGFP-negative animals. In animals injected with CAV-CreGFP, mRuby2 fluorescence was co-localized with CAV-CreGFP, and in those neurons, hCAR expression was turned off (Figures S2C and S2D) . Together, these results demonstrate that the CAR complementation strategy significantly promotes the efficacy of CAV-2 as a retrograde viral vector in mice.
Time Course of the Onset and Offset of CAR Protein Expression
The method proposed here requires an intrinsic time delay, as the synthesis and transport of CAR to distal axons is necessary to potentiate CAV-2 infection. To characterize this, we manipulated the relative timing of AAV-CAR and CAV-2 injections to identify the onset speed of CAR expression and the optimal delay between injections (dbi).
As a baseline, we first sought to establish the efficacy of simultaneous injection of AAV-CAR and CAV-2 (0 dbi). We injected control and CAR-expressing AAVs into BLA in opposing hemispheres, along with bilateral mPFC injection of CAV-dsRed, CAV-Cre and CTB on the same day (0 dbi). To our surprise, the CAR+ hemisphere still showed enhanced CAV-dsRed and CAV-Cre infections ( Figures 3A-3C ). Considering that the expression of CAR is terminated once a neuron is infected by CAV-Cre, these results suggest that even an extremely shortterm and low-level expression of CAR still benefits retrograde infectivity of CAV-2.
As expected, when this zero delay condition (0 dbi) was compared with 7 days' delay condition (7 dbi), the hemisphere with 7 dbi showed much higher infection rates for both CAVdsRed and CAV-Cre ( Figures 3A-3C ). Thus, although brief expression of CAR is effective in supporting CAV-2 infection, a delay period allows higher CAR expression and transport to further improve CAV-2 retrograde labeling.
We determined the optimal delay period between AAV-CAR and CAV-2 injections by evaluating CAV-2 infection rates under different delay conditions (3 dbi, 7 dbi, 15 dbi, and 26 dbi). With more prolonged delays, the infectivity of CAV-2 rose further (3 dbi versus 7 dbi, 7 dbi versus 15 dbi) until it began to saturate after 2 weeks (15 dbi versus 26 dbi) ( Figures 3D and 3E ). To CAR-7dbi and CAR-0dbi versus CAR-7dbi. *p < 0.05 between Ctrl-0dbi and CAR-0dbi using paired t test, n = 3 mice. (F and G) Fold changes of CAV-dsRed/CTB (F; p = 0.0069) and ChR2/CTB (G; p = 0.0052) between opposing hemispheres with 7-day delay for CAR versus control and CAR injection at 7-day delay versus no delay or other different dbi conditions. The fold changes were decreasing and approaching to value 1 (dash line). Error bars, SEM; n values represent the number of mice; one-way ANOVA. (H and I) Representative immunoblots (H) and quantitation (I) showing the expression patterns of Cre, mCAR, ChR2, and housekeeping gene Tubulin after CAV-Cre infection. mCAR levels at different post-infection days were normalized to day 0. p < 0.0001 using one-way ANOVA; Tukey's multiple comparison test, ### p < 0.001 for day 0 versus day 2 or day 3. ChR2 levels were normalized to day 3. p < 0.0001 using one-way ANOVA; Tukey's multiple comparison test, ### p < 0.001 for day 0 versus day 2 or day 3. n = 3 independent experiments. reduce inter-animal variability in gene expression and histological processing, we paired the data from two opposing hemispheres of the same animal with staggered delay conditions and calculated the relative fold changes of CAV-2 infectivity. Quantifying the relative fold changes revealed a similar relationship: the enhancement in expression continued with increasing delay and saturated after 2 weeks ( Figures 3F and 3G ). Thus, a delay period of 2 weeks is likely sufficient to achieve nearly maximal level of CAR and potentiation of CAV-2 infection.
We next tested how fast Cre turned off CAR expression. To precisely and homogeneously control the timing of Cre expression in neurons, we performed this experiment in cultured primary neurons. First, CAR was introduced by transfecting neurons with AAV-DIO-{mCAR} off {ChR2} on construct, and then those neurons were infected by CAV-Cre and collected at different post-infection days for analysis of CAR expression. Immunoblot results showed that mCAR expression dropped within 2 days since its synthesis was halted by Cre, indicating that CAR protein half-life is similar to the median half-life of the endogenous proteome in human and mouse cells (Cambridge et al., 2011) . In addition, similar to the results in Figure S2 , the level of accumulated Cre-ON ChR2 protein was negatively correlated with that of mCAR, excluding the possibility of cell-deathinduced protein reduction ( Figures 3H and 3I ).
CAR Complementation Promotes CAV-2 Infection and Retrograde Transgene Delivery in Rats
Given the challenges associated with generating transgenic rats, viral methods for transgene delivery in rats are particularly important. Therefore, we tested whether CAR complementation could overcome viral tropisms and enable robust retrograde labeling in rat projection neurons. We targeted the projection from the ventral hippocampus CA1 (vCA1) region to the mPFC ( Figure S3A ), which is known to be challenging for retrograde labeling (Dr. Thomas Klausberger, personal communication). Indeed, no retrograde signal was observed in vCA1 following injection of tracer CTB or wheat germ agglutinin (WGA) in mPFC (data not shown), and only a few vCA1 neurons were sparsely labeled with high concentration retrobeads ( Figure S3B ). Similarly, after injecting the control vector AAV-DIO-{ChR2} on with no CAR in vCA1 and CAV-CreGFP in mPFC, GFP-positive or ChR2-positive CA1 pyramidal neurons were extremely sparse, indicating low CAV-2 infectivity. In contrast, potentiation with CAR significantly increased the number of GFP-positive and ChR2-positive CA1 pyramidal neurons (3-to 27-fold) ( Figures S3B and S3C ). However, CAR-potentiated labeling of the rat vCA1-mPFC pathway with CAV-CreGFP was not very dense, possibly because the human synapsin I promoter did not drive strong enough expression in rat CA1 pyramidal neurons. Indeed, we found that AAV-DIO-{mCAR} off {ChR2} on only expressed mCAR in a few CA1 pyramidal neurons ( Figure S3D ). In summary, these results show that CAR complementation works in rats as well as mice and can be used to gain genetic access to recalcitrant pathways such as the vCA1-mPFC projection.
CAR-Expressing AAV Boosts Overall CAV-Driven Expression Level in AAV Mixtures
One convenient feature of AAV vectors is their high multiplicity of infection, allowing co-infection of the same neuron by a mixture of different AAVs (Miyamichi et al., 2013) . With this in mind, we tested whether our AAV-CAR vector could be used as a ''helper virus'' alongside other AAVs to enhance overall CAV-driven expression levels.
To test this, we targeted neurons projecting from rat orbitofrontal cortex (OFC) to ventral striatum (VS). We injected a mixture of AAV-DIO-{mCAR} off {ChR2} on alongside an AAV carrying Cre-dependent Synaptophysin-mCherry (AAV-DIO-{SYN-mCherry} on ) (Garfield et al., 2014) into rat OFC and injected CAV-CreGFP in VS ( Figure 4A ). As shown in Figure 4B , we observed a higher infection rate for CAV-CreGFP in OFC in the CAR+ hemisphere. Importantly, the number of SynaptophysinmCherry-positive cells and the signal intensity were also greatly enhanced on the same side, as compared to the contralateral hemisphere injected with a mixture of the control vector AAV-DIO-{ChR2} on and AAV-DIO-{SYN-mCherry} on . These results suggest that AAV-CAR can be used alongside other AAVs to enhance CAV-2 infection rates and overall retrograde activation of Cre-dependent AAVs.
The fusion of synaptophysin, a synaptic marker, with mCherry, a fluorescence protein, also enabled us to examine the morphology of the cell body, axons, and synapses of the labeled neurons. CAR-potentiated OFC neurons showed normal morphology, strong projections with dense arborization in VS of CAR+ hemisphere ( Figure 4C ). The density of synaptic puncta on axon fibers (number of puncta per unit length) in VS had no obvious changes in the CAR+ hemisphere compared to the control hemisphere, indicating a similar strength of synaptic connection and growth of neurites ( Figure 4D ). Other features of labeled neurons, including layer localization and gross morphology, appeared identical ( Figure 4B ). These results indicate that overexpression of CAR did not affect the morphology and wiring of neurons.
Efficiency of CAR/CAV-2 System in Dopaminergic Pathways
To show that CAR/CAV-2 provides access to cell populations difficult to target with alternative tools, we directly compared its performance with another retrograde viral reagent, rAAV2-retro. The newly developed retrograde AAV variant rAAV2-retro has the advantage of being a single-component system and also enables flexible and non-toxic retrograde transgene expression (Tervo et al., 2016) . The retrograde infectivity of rAAV2-retro is due to its engineered capsid, which may not permit the infection of all neuron types. For example, rAAV2-retro has weak labeling efficiency in dopaminergic neurons projecting from the ventral tegmental area and substantia nigra pars compacta (VTA/SNc) to dorsal lateral striatum (DLS) (Tervo et al., 2016) .
To determine whether CAR/CAV-2 can overcome these limitations, we directly compared the retrograde transport efficiency of CAR/CAV-2 with rAAV2-retro in VTA/SNc to DLS pathway (VTA/SNc/DLS). In VTA/SNc, we injected AAV-DIO-{mCAR} off {ChR2} on to potentiate neurons for CAV-2 infection and injected AAV-DIO-{SYN-mCherry} on to monitor the efficiency of retrograde transport. In DLS, we injected Cre-expressing retrograde AAV (rAAV2-retro-Cre) and CAV-2 (CAV-Cre) at opposing hemispheres with CTB as a control ( Figure 5A ). We found that although rAAV2-retro-Cre infected numerous neurons at the injection site in DLS (shown by Cre-positive nuclei in DLS, Figure S4A ), it showed only marginal retrograde transport to VTA/SNc and induced weak Synaptophysin-mCherry expression in VTA/SNc, consistent with previous reports (Tervo et al., 2016) . In contrast, although CAV-Cre infected very few neurons at the injection site in DLS (which is advantageous because it reduces off-target expression), it robustly induced strong Synaptophysin-mCherry expression in TH-positive dopaminergic neurons in VTA/SNc, indicating its specific targeting of CAR+ neuron axons and efficient retrograde transport ( Figures 5B-5D ). These results demonstrate that the CAR/CAV-2 system provides access to label neuronal populations unaddressed by rAAV2-retro.
To alleviate concerns about potential CAV-2 immunogenicity and toxicity, we directly compared the toxicity of CAV-2 with rAAV2-retro by assaying cell apoptosis at the viral injection sites in DLS via TUNEL staining (terminal deoxynucleotidyl transferase dUTP nick end labeling). TUNEL-positive cells were rare at both CAV-2 and rAAV2-retro injection sites. No statistically significant difference of apoptosis was observed between CAV-2 and rAAV2-retro injection sites, although immune responses caused by surgical injuries may be difficult to distinguish from those potentially caused by viruses ( Figure S4B ). These results reveal that CAV-2 has low toxicity or immunogenicity in the brain, which is consistent with reports that CAV-2-infected neurons are able to survive for months or even more than a year in the rat brain (Burgos-Robles et al., 2017; Soudais et al., 2004) .
Monitoring Neural Activity in Live Animals Using a CAR/ CAV-2 System
Lastly, we used the CAR potentiation strategy to measure the functional properties of a previously difficult-to-target projection pathway. We performed fiber photometry in mPFC-projecting BLA neurons, a method for collecting bulk intracellular calcium fluorescent signals though a single implanted multimode optical fiber. We designed a Credependent calcium sensor construct, AAV-DIO-{hCAR} off {GCaMP6f} on -W3SL, and injected it into BLA in one hemisphere and a control vector, AAV-Flex-{GCaMP6f} on -WPRE, into the contralateral BLA. After 7-8 days, CAV-Cre was injected in mPFC on both hemispheres to initiate GCaMP6f expression and turn off CAR expression in mPFC-projecting BLA neurons. Optical fibers were implanted in BLA to monitor neural activity through fiber photometry ( Figures 6A and 6B ). 6-7 weeks after completion of behavioral training and fiber photometry, we histologically confirmed correct fiber placements in BLA in both CAR+-potentiated and control hemispheres ( Figure 6C ). The control hemisphere showed only a few sparsely labeled neurons, which greatly limited the size of fluorescent signals and the neuronal responses to task events we observed. However, in the hemisphere where neurons were potentiated by CAR, a larger population of neurons was labeled by GCaMP6f and fluorescent signals were greatly enhanced ( Figures 6C and 6D ). Evaluation of GCaMP6f expression level in the entire BLA region in another animal without fiber implantation also confirmed a lower level of GCaMP6f labeling in control hemisphere compared to CAR+ hemisphere ( Figures S5A and S5B) .
Motivated by the large body of work demonstrating the importance of the BLA in appetitive and aversive conditioning, we tested the response properties of mPFC-projecting BLA neurons in a series of head-fixed, classical conditioning tasks (Janak and Tye, 2015; Maren and Quirk, 2004; Rogan et al., 1997; Senn et al., 2014; Shabel and Janak, 2009 ). 3 weeks after CAV-Cre injections, mice were initially trained in a task wherein the presentation of one odor predicted water reward. We found that CAR-potentiated BLA neurons responded strongly to the odor cue in the first few trials, but with repeated odor presentations the cue responses diminished (Figures 6E-6G ). As the mouse began to lick in receipt of water reward, these neurons developed precisely timed responses to reward delivery. In contrast to their diminishing odor responses, their responses to water reward were consistently high across all the sessions ( Figure 6H) . After a few training days, the same animal was trained in a second task in which a second odor cue predicted an aversive air puff with a probability of 0.5. As before, responses of mPFC-projecting BLA neurons to odor cue 2 were evident across the first few trials but declined with prolonged exposure (Figures 6E and 6F) . Moreover, these neurons also responded robustly to air puff punishment across all the sessions ( Figure 6I ). While, on average, mPFC-projecting BLA neurons responded only weakly to odor stimuli, examination of the first ten trials of each session revealed pronounced responses to the novel odorants ( Figure 6F ). Taken together, these results are consistent with the reported functional characteristics of BLA neurons: novelty responses to unfamiliar stimuli, habituation after repeated odor exposure, and activation toward reward and punishment (Burgos-Robles et al., 2017; Schoenbaum et al., 1999; Takahashi et al., 2005) . Data from another animal corroborated these findings: in the CAR+ hemisphere, the mPFC-projecting BLA population displayed strong initial responses to odorants as well as to reinforcements (water and air puff) (Figures S5C-S5I ). In summary, these results show that CAR-potentiated neurons have robust functional responses to various behavioral events, with BLA/mPFC neurons responding to novel sensory stimuli early. This demonstrates that the CAR/ CAV-2 system enables in vivo functional characterization of anatomically defined populations in behaving animals.
DISCUSSION
Retrograde viruses have become essential reagents in the neuroscience toolkit, enabling the functional analysis of anatomically defined neural circuits. These viruses hijack intrinsic cellular mechanisms to enter neurons and travel through the axon to the cell body. The specific molecules required for viral uptake and transport can show variable expression across different neuronal types, leading to preferential labeling of some neuronal pathways over others. Such tropism can be advantageous if it happens to enable targeting of particular projections of interests, but in general, it limits the usefulness of viral In early sessions, odor 1 was delivered and associated with water reward. In late sessions, besides odor 1: water trials, in half of the trials, odor 2 was delivered and associated with an air puff with 50% probability or nothing (odor 2: air puff/omission trials).
(F) Average responses of first ten trials taken from all the sessions. Quantification of the Z score showed significant neuronal responses to both odor 1 and odor 2 (***p < 0.0001 compared to baseline). techniques (Grove and Marsh, 2011; Mateo et al., 2015; Schneider-Schaulies, 2000) . Here we developed a strategy to overcome the limitations of CAV-2 viral tropism by leveraging existing knowledge of the molecular mechanisms for CAV-2 internalization and axonal transport. We demonstrated that this receptor complementation strategy enables tropism-free, highefficiency retrograde delivery of a range of cargos for anatomical and functional studies.
Receptor Complementation as a General Strategy to Overcome Tropism
Cell-type-specific tropism represents a problem for all viral techniques to reveal the ground truth in connectivity. For instance, unmyelinated sensory neurons (which account for >40% of dorsal root ganglia neurons) are largely resistant to rabies virus infection from the spinal cord (Albisetti et al., 2017) ; HSV and CAV-2 infect different subpopulations of mPFC-projecting BLA neurons (Senn et al., 2014) . A recent strategy to overcome tropism is to modify the viral surface structures. For example, lentivirus can be pseudotyped by replacing its natural envelope glycoproteins with heterologous envelope glycoproteins derived from other viruses (e.g., rabies virus glycoproteins or vesicular stomatitis virus glycoproteins) (Cetin and Callaway, 2014; Knowland et al., 2017; Cronin et al., 2005; Mazarakis et al., 2001) . AAV capsids can be randomly mutated and screened for improved tropism or be engineered to include ligand motifs that can bind to surface receptors of certain cell types (Sallach et al., 2014; Wu et al., 2006) . However, no matter which envelope or capsid is employed, viruses still rely on cell surface molecules for uptake and transport and cannot gain entry into cells without the required receptors. The receptor complementation strategy we used here side steps viral tropism and expands the possibilities for future studies. Many viruses use just one or two molecules as receptors: the laminin receptor for the Sindbis virus (Wang et al., 1992) , Nectin-1/2 or HVEM for HSV1/2 (Geraghty et al., 1998; Montgomery et al., 1996) , CAR, and av integrins for adenovirus-2 (Bergelson et al., 1997; Wickham et al., 1993) . Even for diverse AAV serotypes, which had been believed to recognize distinct cell surface attachment and transport receptors, one universal AAV receptor critical for cellular entry and trafficking was recently identified (Pillay et al., 2016) . Therefore, similar receptor complementation approaches applied to other neurotropic viruses may provide a valuable addition to the array of reagents for targeting and manipulating circuit-defined neuron types.
A Dual Virus Strategy with AAV-CAR and CAV-2 Is a Useful Tool for Retrograde Targeting Classical retrograde tracers have provided essential tools for mapping long-range projections, including CTB (Luppi et al., 1990; Wan et al., 1982) , the organic dye fluoro-gold (FG) (Schmued and Fallon, 1986) , and latex microspheres (retrobeads) (Katz et al., 1984) . Viral vectors provide important advantages over these tracers by permitting cell-type-specific promoters and flexible genetic cargo (Nassi et al., 2015; Ugolini, 2010) . A number of different retrograde viruses have been used for projection-specific gene delivery, including the rabies virus, HSV, PRV, pseudotyped lentiviruses, capsid pseudotyped or engineered recombinant AAVs, and CAV-2. All of these viruses have distinct advantages for neuroscience, with varying degrees of limitations on pathway tropisms, efficiency of retrograde transport, and cytotoxicity (Aston-Jones and Card, 2000; Ekstrand et al., 2008; Frampton et al., 2005; Luo et al., 2008; Murlidharan et al., 2014; Nassi et al., 2015; Ugolini, 2010) . For instance, rabies virus can spread trans-synaptically, and its glycoprotein-deleted and EnvA pseudotyped variants enable identification of direct monosynaptic inputs to specific cell types (Callaway and Luo, 2015; Huang et al., 2013; Wall et al., 2010; Wertz et al., 2015; Wickersham et al., 2007) . Notably, in this system, the expression of TVA receptor directs infection of the EnvA-pseudotyped rabies virus to defined cell types, which is another example of receptor complementation and engineered tropism. The toxicity of rabies virus, however, limits the time window for viable physiological experiments, although novel strains do exhibit significantly reduced toxicity (Chatterjee et al., 2018; Reardon et al., 2016; Schnell et al., 2010) . In addition, as an RNA virus, rabies cannot be combined with the Cre-lox DNA recombination system.
The newly developed retrograde AAV variant rAAV2-retro is a particularly valuable reagent as a single-component labeling system that can be flexibly customized. Although tropism is rarely a concern for common AAVs due to the availability of numerous serotypes, the special retro-capsid that enables rAAV2-retro to undergo retrograde transport also restricts its tropism, limiting the usability of rAAV2-retro in some pathways (Tervo et al., 2016) . Although the delivery of CAR relies on an AAV vector, the wide range of AAV serotypes available enables the targeting of most neuron types in question. In support of this, we observed much weaker labeling efficiency of rAAV2-retro relative to CAR/CAV-2 in dopaminergic VTA/SN neurons projecting to striatum ( Figure 5 ). We also observed that, in addition to the expected axonal expression in striatum, Synaptophysin-mCherry had unexpected somatic expression at rAAV2-retro-Cre injection sites but not at CAV-Cre injection sites ( Figure S4A ). One possible reason for this abnormal pattern is because rAAV2-retro-Cre non-specifically infected the reciprocal projection striatum/VTA/SNc, where AAV8-DIO-{SYN-mCherry} on may have weak retrograde transport back to the soma in the striatum that was turned on by rAAV2-retro-Cre. It is unclear whether rAAV2-retro enhances the retrograde transport of other AAVs when infecting the same neuron, but this possibility should be considered.
CAV-2 vectors have become widely used reagents for retrograde targeting in neuroscience largely due to their preferential transduction and retrograde transport in neurons and relatively low immunogenicity in the brains ( Figure S4B ) (Perreau and Kremer, 2005; Salinas et al., 2009; Soudais et al., 2001 Soudais et al., , 2004 Zussy et al., 2016) . We used a dual virus strategy with Cre-recombinase-encoding CAV-2 in conjunction with Cre-dependent AAV vectors, a strategy that has become widespread (Beyeler et al., 2016; Burgos-Robles et al., 2017; Darvas and Palmiter, 2009; Kim et al., 2015; Nectow et al., 2015; Ruder et al., 2016; Senn et al., 2014; Wu et al., 2012) . Although this dual virus injection strategy is more cumbersome compared to using a single retrograde virus, it also yields significant and unique advantages. First, it provides highly amplified labeling efficiency because even trace amounts of Cre recombinase are able to produce robust transgene expression. Second, the use of anterograde AAV and retrograde CAV-Cre enables control over the direction or polarity of targeting: after retrograde transport of CAV-2 from distal axon terminals back to soma, the Cre recombinase expresses in the nucleus and activates the selective expression of AAV cargos only in neurons that project from the AAV injection site to the CAV-2 injection site. This dual virus strategy can be especially useful for reciprocal pathways as described above, as well as cargos such as DREADDs, whose activation is usually not spatially controlled (Boender et al., 2014; Carter et al., 2013) . In contrast, in reciprocal pathways, a single retrograde virus will result in retrograde transport, as well as expression in the anterograde direction, because retrograde viruses can still infect neuronal cell bodies directly.
We have generated an assortment of vectors expressing CAR with different cargos useful for systems neuroscience (Table 1) and demonstrate their accurate and efficient targeting in vivo (Figures 2, 3, 4, 5, and 6) . In addition, our CAR vector can also be used as a helper virus by simply mixing it with other AAVs, boosting the overall CAV-driven expression in AAV mixtures (Figures 4 and 5) . For instance, AAV-CAR is expected to enhance the efficiency of more complex tracing strategies that employ CAV-2, such as TRIO (Schwarz et al., 2015) .
CAR/CAV-2 Strategy Is Effective for In Vivo
Physiological Studies A potential concern for the receptor potentiation approach is that overexpression of CAR might produce toxicity in neurons or, conversely, promote changes in neuronal morphology or wiring. A study in explant cultures from the retina indicated that CAR may be involved in adhesion and neurite extension in the developing nervous system (Patzke et al., 2010) . In the brain, CAR is predominantly expressed during embryonic development, while expression drops rapidly after birth and varies across brain regions throughout adulthood (Honda et al., 2000; Zussy et al., 2016) . However, the complete genetic deletion of CAR from a mouse brain resulted in no gross morphological anomalies, although it did cause a minor change in packing density and adult neurogenesis in hippocampal dentate gyrus (Zussy et al., 2016) . Thus, the range of CAR phenotypes appear relatively minor and restricted largely to developmental periods that occur earlier than time points for CAV2 infection typically used in functional studies. In addition, our Cre-dependent strategy guarantees that CAR expression is turned off following retrograde infection by CAV-Cre in the neurons under study (Figure 3 ; Figure S2 ).
Overexpression of CAR, in our hands, did not result in obvious blebbing or filopodia in the cell body or in the elaboration of dendrites or changes in projection patterns of the infected neurons. The synaptic puncta density on axon fibers was identical between CAR-potentiated and control neurons, implying that the expression of CAR has no obvious impact on the strength of synaptic connection or the growth of neurites (Figure 4 ). In addition, TUNEL staining failed to detect any significant cellular apoptosis caused by CAV-2 ( Figure S4B ). Calcium imaging from behaving mice showed that CAR-potentiated neurons retained robust functional responses to multiple stimuli ( Figure 6 ; Figure S5 ). These data demonstrate that the CAR/CAV-2 system overcomes viral tropisms and offers an enhanced retrograde targeting tool for linking connectivity to function in neural circuits.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: The coding sequences of mCAR and hCAR were fused with Myc tag, and located next to the promoter and first pair of incompatible lox sites (loxP and lox2722) in sense orientation. ChETA were fused with either HA tag or mRuby2 fluorescent protein, and positioned next to the second pair of lox sites in antisense orientation. A short motif including stop codons and PacI site (TAATTAATTAATTA) were used as a linker. All vectors were amplified with recombination deficient bacteria (OneShot Stbl3, Invitrogen). Functional vectors were packaged as serotype 9 by a commercial vector core facility (University of North Carolina). The titers for each virus are shown below: AAV-DIO-{ChR2} on 5.2E12 vg/ml; AAV-DIO-{mCAR} off {ChR2} on 5.0E12 vg/ml; AAV-DIO-{ChR2-mRuby2} on -W3SL 7.8E12 vg/ml; AAV-DIO-{hCAR} off {ChR2-mRuby2} on -W3SL 4.5E12 vg/ml; AAV9-hSyn-DIO-{hCAR} off {GCaMP6f} on -W3SL 7.6E12 vg/ml. The titers for commercially available viruses are shown below: AAV8-Ef1a-DIO-{Synaptophysin-mCherry} on 1.3E13 vg/ml (MIT Viral Gene Transfer Core); AAV9-hSyn-Flex-GCaMP6f-WPRE-SV40 7.76E12 GC/ml (Penn Vector Core); CAV-Cre 4.1E12 pp/ml, CAVdsRed 5.7E12 pp/ml, CAV-CreGFP 5.4E12 pp/ml (Montpellier vectorology platform), rAAV2-retro-Syn-Cre 4.7E12 GC/ml (Gift from Janelia Research Campus Virus Services).
bilaterally into mPFC. The craniotomies were covered by low viscosity silicone elastomer sealant (Kwik-Cast, World Precision Instruments) temporarily and then adhesive cement (C&B MetaBond, Parkell) was applied on the skull surface except the craniotomies. After the adhesive cured, the Kwik-Cast sealant was removed from the craniotomies to expose the brain surface. The optic fibers (Doric lenses, 400 mm core diameter, NA 0.48) were gently lowered into the brain to the depth of BLA bilaterally or only at CAR+ hemisphere. Once in place, the optic fibers were secured to the skull by multiple layers of Vitrebond Plus light cure glass ionomer liner/ base (3M ESPE) and dental acrylic (Lang Dental). Finally, a titanium head-bar was attached to the frontal plate for head-fixation. Then animals received a subcutaneous injection of analgesic solution (Ketoprofen, 5 mg/kg). Three days' postoperative monitoring period were applied during the recovery of animals. Mice were allowed three weeks after fiber implantation for recovery and fully expression of GCaMP6f.
Animal Behavior Training and Fiber Photometry
Mice were trained in a Pavlovian, odor-cued behavioral task to assess how mPFC-projecting BLA neurons respond to reward (water delivery), punishment (air puff) and to novel odor stimuli paired with reinforcement. Mice were water-restricted prior to training to achieve 85%-90% of body weight. To habituate mice to head-fixation, un-cued water reward (5 mL) was delivered at randomized intervals (exponential, mean = 3 s) for 1 or 2 sessions and licking behavior monitored using a custom lickometer. Subsequently, mice were trained in a Pavlovian task in which unique odor stimuli were paired with either reward or punishment. Odor 1 was isoamyl acetate, odor 2 was ethyl tiglate. Odors were diluted in mineral oil and delivered at a final concentration of 1% using a custom olfactometer controlled by an Arduino Uno microprocessor. Each photometry trial consisted of a 4 s baseline period, a 1 s odor stimulus, a 1 s delay, reward (8 mL) or punishment (0.2 s air puff), and a 4 s post-outcome period of photometry recording. Trials were separated by a randomized interval (exponential, mean = 6 s).
Initially, mice were trained in a Pavlovian task wherein the presentation of Odor 1 predicted water reward with 90% probability. Within 1-2 sessions animals developed anticipatory licking for Odor 1 (early sessions). After a few training days, the same animal was trained in a second task in which half of the trials were still Odor 1-Water trials, in the other half of the trials Odor 2 was delivered and signaled aversive air puff with 50% probability (late sessions).
For fiber photometry, a 490nm LED light source (M470F3 Thorlabs) was collimated via an aspheric condenser (ACL25416U Thorlabs), passed through an excitation filter (ET470/24M Chroma), bounced off a dichroic mirror (T495LPXR Chroma), and launched into a 400mm core, 0.48NA fiber patch cable using an aspheric objective lens (A240TM-A Thorlabs). GCaMP6f fluorescence excitation and detection were both accomplished through one multimode optical fiber. Then fluorescence was passed through an emission filter (ET525/50M Chroma), focused with a plano-convex lens (f = 30 LA1805-A Thorlabs), and collected using an amplified photodiode (IM 2151 New Focus). The GCaMP6f signal was amplitude-modulated by sinusoidally varying the command voltage of the LED driver (LEDD1B Thorlabs) and decoded in silico (Cui et al., 2013; Lerner et al., 2015) . Data were acquired using a data acquisition card (PCIe-6321 National Instruments) and analyzed using custom MATLAB code. Olfactometer, photometry data acquisition, and behavioral monitoring were controlled and synchronized using a flexible, open-source master controller interfacing with MATLAB (Bpod State Machine, https://sites.google.com/site/bpoddocumentation/).
For correction of the transient ($1 s) fluorescence decay evident at the beginning of each trial, an exponential curve was fit to the mean, baseline period (0-4 s) fluorescence curve and subtracted from each trial. For each trial, fluorescence signals were normalized by calculating the z-score as (F -mean(F)) / standard deviation (F), where the mean and standard deviation was taken from a 4 s baseline acquisition period preceding odor cue delivery. .
For the investigation of the offset pattern of CAR, primary mouse hippocampal cultures were transfected with AAV-DIO-{mCAR} off {ChR2} on plasmid by electroporation. After 7 days of expression, cells (4E5) were infected by CAV-Cre (8E8 pp) with an infection rate of near 100% (data not shown), and then collected at different post-infection days. Western blots were carried out according to standard protocols. The following antibodies were used: Rabbit anti-Cre (Millipore Cat# 69050-3, RRID: AB_10806983, 1:1000); Mouse anti-Myc 9E10 (Santa Cruz Biotechnology Cat# sc-40, RRID: AB_627268, 1:1000); Mouse anti-HA (Abcam Cat# ab18181, RRID: AB_444303, 1:1000); Rabbit anti-tubulin (Abcam Cat# ab179512, 1:2000) . Immunoblot results were quantified using ImageJ.
QUANTIFICATION AND STATISTICAL ANALYSIS
Control and CAR-expressing AAVs were randomly injected into opposing hemispheres during viral injection procedure. This information (control or CAR+, delay duration before injection, aand the hemisphere) was coded and hidden from the experimenter afterward for all steps of the immunostaining, imaging, and cell counting. The experimenter was de-blinded after cell counts were done. For all morphological analyses, contralateral sides on the same brain slice were always paired and processed together with same settings. For stereological measurements of the number of immuno-positive cells, one out of every six sections were selected for immunostaining and counting (2-3 sections for BLA, 3 sections for VTA per mouse and 5-6 sections for vCA1 per rat). Z stack images of the regions of interest were collected on a Zeiss 710 LSM confocal microscope with a 10 3 Plan-Apocromat objective. For quantification of synaptic puncta, images were acquired with 63 3 objective at 2 3 zoom. TUNEL staining images were acquired with 20 3 objective. Images were analyzed in a blinded fashion by using Image-Pro Plus software (Media Cybernetics, RRID: SCR_007369) for automated cell counting. For each image, the region of interest was outlined from DAPI channel. Images within this region for each channel were threshold-processed to remove the noise pixels arising from general fluorescence background and clusters of continuous pixels above the threshold were identified as cells. The number of cells above a threshold were automatically counted by the software. To validate the automated counting, for some of the samples manual counting was also performed blinded to the experimental conditions. We found that automated and manual counts were similar. All measures of CAV-2 infectivity were normalized to retrograde tracer CTB or Retrobeads. Paired comparisons between opposing hemispheres are provided in each animal.
For all experiments, the statistical differences were computed by using Mann-Whitney U test (for two groups) and one-way ANOVA followed by Tukey's multiple comparison tests (for three or more groups). Statistical analyses were carried out using GraphPad Software. n values represent the number of animals, unless otherwise specified. At least three animals were used for each experimental condition. The statistical parameters are reported in Figures and Figure Legends as mean ± SEM, and statistical significance was set at *p < 0.05, **p < 0.01, ***p < 0.001.
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the sequences of all recombinant AAV constructs developed in this paper are Addgene: 111386-111397.
